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Myristoylated electrostatic switch
Temporal pattern formationThe understanding of temporal pattern formation in biological systems is essential for insights into regulatory
processes of cells. Concerning this problem, the present work introduces a model to explain the attachment/de-
tachment cycle of MARCKS and PKC at the cell membrane, which is crucial for signal transduction processes. Our
model is novelwith regard to its drivingmechanism: Structural changes within themembrane fuel an activator–
inhibitor based global density oscillation ofmembrane related proteins. Based on simulated results of our model,
phase diagrams were generated to illustrate the interplay of MARCKS and PKC. They predict the oscillatory be-
havior in the form of the number of peaks, the periodic time, and the damping constant depending on the
amounts of MARCKS and PKC, respectively. The investigation of the phase space also revealed an unexpected in-
termediate state prior to the oscillations for high amounts ofMARCKS in the system. The validation of the obtain-
ed results was carried out by stability analysis, which also accounts for further enhanced understanding of the
studied system. It was shown, that the occurrence of the oscillating behavior is independent of the diffusion
and the consumption of the reactants. The diffusion terms in the used reaction–diffusion equations only act as
modulating terms and are not required for the oscillation. The hypothesis of ourwork suggests a newmechanism
of temporal pattern formation in biological systems. This mechanism includes a classical activator–inhibitor sys-
tem, but is based on the modiﬁcations of the membrane structure, rather than a reaction–diffusion system.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Temporal patterns are intriguing features of biological systems, as
they are assigned to regulate associated processes. For example, it has
been reported that cytosolic calcium oscillations are essential for gene
expression, as some genes can only be expressed in the presence of
large amounts of calcium at a peak of the calcium oscillation [13,7].
The mechanisms behind the formation of such phenomena are of
great interest because they give insights into the functionality of biolog-
ical systems. While spatio-temporal pattern formation is discussed ex-
tensively for biological systems, the focus is mostly on reaction–
diffusion systems and Turing pattern [45,19,34,28,43]. There have
been only a few contributions investigating possible different mecha-
nisms or purely temporal patterns, although new results in this themat-
ic could have a great signiﬁcance for the understanding of biological
systems. In the present work, a new model with such an alternative
mechanismwas developed for experimentally observed density oscilla-
tions in an in vitro system, composed of proteins of a mammalian regu-
latory process — the myristoylated electrostatic switch (ME-switch).
The ME-switch regulates the membrane association of MARCKS
(Myristoylated Alanine-Rich C Kinase Substrate) by phosphorylation in-
volving PKC (protein kinase C) [44,36]. The interest in this mechanism is
motivated by the contribution of MARCKS in numerous processes like+49 341 97 32479.
poldt).brain development, cellularmigration and adhesion, cytosis, neurosecre-
tion, mitogenesis and regulation of the actin cytoskeleton [41,6]. It can
bind to actin, calcium-activated calmodulin (Ca2+/CaM), and the plasma
membrane [24,21]. For the later, two interactions are required: hydro-
phobic interactions between the myristolated N-terminus of MARCKS
and themembrane as well as electrostatic interactions between the pos-
itively charged effector domain and acidic lipids within the membrane
(Fig. 1). The membrane binding of the effector domain sequester acidic
lipids like PIP2 (phosphatidylinositol 4,5-bisphosphate) [20], which is a
well known component of mammalian plasma membranes involved in
signal transduction processes [9]. Themembrane bound effector domain
is also the target for Ca2+/CaM binding and phosphorylation by PKC.
Both of these processes are independent from one another and prevent
a further membrane association of MARCKS until they are reversed in
the cytosol [24].
The experimentally difﬁcult access to such complex interactions
at the cell membrane motivates the development of mathematical
models. A model, concerning the ME-switch was developed by John
et al. [26]. It was calculated that molecular interactions between pro-
teins and membrane lipids can induce pattern formation in cell
membranes and a coupling exists between the protein induced
phase separation and reaction–diffusion processes. An experimental
access to this system was found by Langmuir-monolayer technique
[2]. The investigated system consisted of a mixed monolayer with
DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine) as matrix lipid
and PIP2 (1,2-dipalmitoylphosphatidylinositol 4,5-diphosphate) as
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Fig. 1.MARCKS binds to a lipid membrane via hydrophobic interactions at his N-terminus
and electrostatic interactions between its strongly positively charged effector domain and
acidic lipidswithin themembrane. A phosphorylation of serines in the effector domain by
PKC inhibits a further membrane attachment until the molecule is dephosphorized in the
cytosol.
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features a state of phase coexistence of a ﬂuid and a crystalline phase
mimicking structural inhomogeneities in cell membranes [9]. Further-
more, there are adequate reference data, important for separating partic-
ular lipid contributions in the mixture [15,1]. The ME-switch, essentially
based on the electrostatic interaction of PIP2 with MARCKS, was mim-
icked by an excess of unphosphorylated MARCKS in the subphase and
an injection of protein kinase C into the subphase [2]. The attachment
of unphosphorylated MARCKS at the monolayer was detected by an in-
crease of the lateral pressure of the monolayer, while the detachment,
caused by the phosphorylation of MARCKS by PKC, was measured by a
decrease of the lateral pressure of the monolayer. The changes of the
lateral pressure were attributed to concentration dependencies of
membrane bound MARCKS. This in vitro measurement showed the de-
velopment of temporal patterns of the ME-switch in terms of a low fre-
quency density oscillation of membrane bound MARCKS [2].
Based on these experimental results, an empirical model was devel-
oped by Alonso et al., which explains the observed oscillation by means
of structural changeswithin themembrane [2]. Here, the initial ansatz is
a simple approach to predict the oscillation of the lateral pressure of the
monolayer, starting from a reduced number of parameters to a particu-
lar choice of non-linear functions for the reaction rates, based on general
arguments. It sketched out an interplay of electrostatic interactions be-
tween the reactants, the changing binding probability of the proteins
and the change of the mean molecular area requirement within the
membrane interface, which results in an oscillatory behavior of the lat-
eral pressure of the monolayer. For a complete characterization of this
process further experimental studies are necessary. Nevertheless,
there are a lot of parameters which have strong and signiﬁcantly differ-
ent inﬂuences on the attachment/detachment cycle ofMARCKS and PKC
at the cell membrane. On this account, we were motivated to develop a
new model on the basis of the model of Alonso et al. [2] in order to be
able to predict the experimental conditions at which the oscillatory be-
havior occurs. Our model allows to obtain more detailed statements
about the dependency of the adjustable parameters in the considered
attachment/detachment cycle. Thereby it enables further speciﬁc exper-
imental studies and may in the long run contribute to a better under-
standing of regulation processes like the ME-switch. Furthermore, the
crucial assumption that PIP2 localizes in the disordered phase is validat-
ed by epiﬂuorescence measurements in this publication. Besides
strengthening the models, these measurements provide a basis for fur-
ther visualizations and microscopic studies of membrane related tem-
poral pattern formations.Our model is formulated in a system of nonlinear differential equa-
tions and is solved numericallywith the ﬁnite differencemethod. Struc-
tural changes of the membrane were speciﬁed with an empirical
equation, according to the previous experimental results, obtained by
Alonso et al. [2]. The involved chemical reactions and attachment de-
tachment processes were analyzed with respect to a better adaptation
to the experimental conditions, leading to a good approximation for bi-
ological systems. The inﬂuence of critical parameters was estimated by
their variations. Based on this result, phase diagrams were generated to
illustrate the interplay of MARCKS and PKC. They describe the oscillato-
ry behavior by the number of peaks, the periodic time, and the damping
constant depending on the amount of MARCKS and PKC, respectively.
Thus, our model can predict the development of oscillations in the ob-
served system depending on the amount of the reactants.
In order to achieve an approximation for biological systems, the pro-
cess is also analyzed as an open system. Thereby diffusion is neglected.
The fact that this does not prevent the oscillation from occurring points
out that the oscillation is not caused by a classical reaction–diffusion
mechanism. It is rather induced by the mutual interaction of the mem-
brane structure and protein binding to the membrane.
2. Theory
2.1. Mechanism of oscillation
The here discussed mechanism of temporal pattern formation orig-
inates from an activator–inhibitor system driven by a changing mem-
brane structure. The membrane investigated in the underlying
experiments was composed of lipids within the phase transition be-
tween liquid expanded and liquid condensed phase (alternatively
named disordered and ordered phase). The binding of proteins on the
membrane changes the structure of the membrane which feeds back
on the attachment rates of proteins. The dependency of the attachment
rate of PKC on the membrane structure is higher than for MARCKS. As
PKC detaches MARCKS from the membrane and the presence of
MARCKS at the membrane enhances PKC attachment, an activator–in-
hibitor system is formed. The time delay, necessary for an oscillation,
is caused mainly by the time the membrane needs to restructure after
protein binding.
Fig. 2 provides a visualization of the processes during each phase of
the oscillation. The left part of the ﬁgure illustrates themembrane struc-
ture and amount of membrane bound proteins during each phase. The
right part of the ﬁgure shows the time evolution of these observables.
Fig. 2a: With a low amount of proteins attached to the membrane, the
amount of disordered phase is rather low which is also reﬂected in the
variable membrane state θ′. Fig. 2b: Over time MARCKS attaches to the
disordered phase, thereby increasing its proportion. Fig. 2c: The in-
creased size of the liquid disordered phase enhances the attachment
ofMARCKS aswell as PKC, but the attachment of PKC leads to phosphor-
ylation and detachment of MARCKS. Fig. 2d: The shrinking amount
MARCKS reduces the size of the disordered phase, which in turn de-
creases the amount ofmembrane bound PKC, due to an attachment–de-
tachment equilibrium.
2.2. Modeling of the ME-switch
Themodeling of Alonso et al. has demonstrated, that the experimen-
tally observed oscillation of the lateral pressure of themonolayer can be
explained theoretically [2]. However, it cannot provide a correct de-
scription of all experimental details. Thus, we have developed a new
model which allows to predict the behavior of the observed system –
the ME-switch – dependent on system relevant parameters like the
amount of MARCKS and PKC, respectively. The fundamental structure
of the model of Alonso et al. was preserved.
In the underlying experiments homogeneous density oscillations
within the membrane have been observed. Therefore the lateral
Fig. 2. The left ﬁgure is a sketch, illustrating themembrane structure and protein attachment during different phases (a–d) of the oscillation. The bright parts of the background symbolize
the disordered phase of themembrane and thedark parts the orderedphase. The green dots indicateMARCKSmoleculeswhile the red dots stand for PKC. The right ﬁgure shows themem-
brane associated variables' amount of membrane bound ‘MARCKSm’ in green, the ‘amount of membrane bound PKC p’ in red and the ‘membrane state θ’ in blue during an simulated os-
cillation within an open system. The time evolution of the observables is matching the left sketch.
2382 J. Lippoldt et al. / Biochimica et Biophysica Acta 1838 (2014) 2380–2390dimension of the membrane is disregarded and only the perpendicular
direction 0 b z b L is treated. This approach models the spatial averaged
concentration of the reactants. The variables of the model are the
amount of MARCKS in the ﬂuid phase M and bound to the membrane
m, the amount of PKC in the ﬂuid phase P and bound to the membrane
p, the amount of phosphorylated MARCKSMp in the ﬂuid phase as well
as the state of themembrane θ, which treats the ability of themembrane
to bind the reactants. The amount of protein is normalized to one for a
completely covered membrane. A protein can bind to the membrane
during a time frame Δt, when it is previously within a small layer of
thickness l close to the membrane. The introduction of the layer 0 b z
≤ l is helpful to discretize the problem for a proper use of a ﬁnite differ-
ence algorithm. Thereby the attachment rates are averaged over time
and initial distance to the membrane corresponding to a Robin bound-
ary condition [17], while the detachment rates are ﬁrst order kinetics.
This is just a discretization approach and the mesh size l is chosen so
small that a further reduction has no effect. The following equations
arise for 0 b z ≤ l:
∂tM z; tð Þ ¼ DM∂2zM z; tð Þ−RM
∂tP z; tð Þ ¼ DP∂2z P z; tð Þ−RP
∂tMP z; tð Þ ¼ DM∂2zMP z; tð Þ þ RMP
ð1Þ
where DM and DP are the diffusion coefﬁcients of MARCKS and PKC and
Ri(t) are the nonlinear reaction terms, which account for the attach-
ment/detachment of the proteins to themembrane and the phosphory-
lation of MARCKS by PKC. They are dependent on the concentration of
MARCKS and PKC close to and on the membrane as well as the mem-
brane structure. If the protein is not close to the membrane (z N l), the
reaction terms are zero. For the time-evolution of the membrane
bound reactants, the following equations arise:
m˙tð Þ ¼ RM tð Þ−RMP tð Þ
p˙ tð Þ ¼ RP tð Þ:
ð2Þ
In the case of the relevant closed system, the total amounts of PKC
P0 = ∫ 0L(z, t)dz+ p(t) andMARCKSM0= ∫ 0L(M(z, t) +Mp(z, t))dz+
m(t) are preserved quantities, while unphosphorylated MARCKS is
transformed to phosphorylated MARCKS by PKC (RMP).
The detachment kinetic of MARCKS and PKC is assumed as a ﬁrst
order kinetic. For the attachment ofMARCKS, aﬁrst order kineticwith re-
spect to themembrane state θwas applied, in agreement to [3,48]. For the
attachment of PKC at the membrane, a cooperative kinetic regarding the
membrane state θwas used. Thereby a cooperativity coefﬁcient of nPKC=
4, is consistent with studies reporting a cooperative binding with respect
to the proportion of active lipid [14,31,32]. The phosphorylation ofMARCKS by PKC occurs with a cooperative kinetic, according to [22].
For this reaction a cooperativity coefﬁcient of nphos = 3 was assumed
[22]. This leads to the following reaction terms:
RM tð Þ ¼ θ kþm M l; tð Þ−k−m m tð Þ ð3Þ
RP tð Þ ¼
kþp θ
4
K42 þ θ4
P l; tð Þ−k−p p tð Þ ð4Þ
RMP tð Þ ¼
vmax p tð Þ m tð Þ3
S30 þm tð Þ3
: ð5Þ
Themembrane state θ plays a crucial role for the attachment of pro-
teins at the membrane. The enrichment of charged lipids in the disor-
dered phase facilitates the lipid/protein interaction in this phase.
Hence, the proportion of disordered phase strongly inﬂuences the at-
tachment rate of proteins. The proportion of disordered phase enters
the membrane state in a square root, as the diffusive binding constant
of a particle to a disk is proportional to the radius [42]. The MARCKS at-
tachment increases the proportion of the disordered phase [2,11]. For
this dependency we have used an empiric equation, which states that
the proportion of a disordered phase increases proportional to the
amount of membrane bound MARCKS from an initial amount. It should
be noted, that the structure of themembrane needs time to adjust to the
binding of MARCKS, which is accounted for by the constant kθ in Eq. (6).
Another effect to consider is the screening of lipids by the membrane
bound proteins, which occurs instantaneously.
θ˙st tð Þ ¼ kθ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Adism tð Þ
p
−θst
 
ð6Þ
θ ¼ 1−m tð Þð Þ 1−p tð Þð Þθst: ð7Þ
2.3. Determination of parameters
The MARCKS effector domain (MARCKS (151-175)), which is re-
sponsible for the electrostatic interaction with the cell membrane [4,
47,38], substitutes MARCKS in the underlying experiment [2]. This pep-
tide consists of 25 amino acids with 13 basic residues and is rod-shaped
in an aqueous environment [6]. An approximation for the hydrodynam-
ic radius of rod-shaped molecules was given by He and Niemeyer [25].
With the radius and the length of the cylinder, approximated by the
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MARCKS (151-175) was estimated and applied in the Stokes–Einstein
equation to calculate the diffusion coefﬁcient of MARCKS peptides:
DM ¼ 215m2s−1 . The hydrodynamic radius of PKC was obtained
from a Sigma data sheet (product code P 7956). According to the
Stokes–Einstein equation, the following diffusion coefﬁcient results
for PKC: DP ¼ 51m2s−1.
The maximal attachment rates of MARCKS km+ and PKC kp+ are limit-
ed by diffusion [4,40,39]. In order to adapt this for the ﬁnite difference
method, themaximal attachment rates were calculatedwith a self writ-
ten Matlab algorithm. The diffusion limited attachment rate was ap-
proximated by the proportion of reactants which reach the membrane
in a diffusive process out of the closest grid box in a given time frame.
This time frame is the time in which the 3σ-environment of the closest
point outside the ﬁrst grid box reaches themembrane. The resulting at-
tachment rates are dependent on the t-grid size and the x-grid size, of
the ﬁnite difference algorithm, and have to be evaluated again if the
grid sizes are changed. Here, the usually applied x-grid size is xgrid ¼ 10
m and the t-grid size is tgrid = 0.025 s. The following attachment rates
result:
kþm ¼ 0:259s−1 kþp ¼ 0:127s−1:
In a diffusive process, the characteristic time increases with the
square root of time. Thus, the amount of reactant which diffuses to the
membrane increases with a square root relation with respect to time.
Since every other metric in this model is linear with respect to time,
themaximal attachment rates are normalized to a linearmetric by divi-
sion by tgrid.
The dissociation constant ofMARCKS is km−=1s−1 [48] and of PKC is
kp
−= 0.42 s−1 [39]. These parameters were measured with a PIP2 con-
centration of 1%. This is on the lower end of the physiological level (1%–
5% [6]) andmuch lower than in the discussed experiment, where a con-
centration 10% was used. By isotherm and ﬂuorescence measurements
of mixed monolayers containing different amounts of PIP2, it could be
found that 10% of PIP2 has no signiﬁcant inﬂuence on the DPPC matrix.
Experiments with lower concentrations of PIP2 than 10% did not prove
suitable to observe signiﬁcant effects in a noisy macroscopic ﬁlm bal-
ance experiment. In addition, PIP2 is concentrated in the disordered
phase, whichmoreover increases its concentration in this area. The con-
centration of acidic lipids distinctly changes the lifetime of membrane
attached peptides. It can be expected that the dissociation constants in
the current experiment are much lower than stated above. Indeed, the
dissociation constants have to be much lower to reproduce the experi-
mental results. The ﬁnally applied parameters are km− = 0.003 s−1 for
MARCKS peptide and kp−= 0.00084 s−1 for PKC.
The parameter K2 represents the value on which the attachment rate
of PKC is the half of its maximum. For this parameter, suitable reference
values could not be found. The adjustment of the parameters in order to
reproduce the experimental results leads to a value of K2 = 1.7. For kθ,
which accounts for the time of reorganization of a membrane after
MARCKSbinding, the value applied in [2]was takenas orientation. Finally,
the value amounts to kθ = 0.0007 s−1. The maximum phosphorylation
rate of MARCKS by PKC was measured as vmax ¼ 2 molMARCKSð Þ
smgPKCð Þ−1 [21]. This value was used without the modiﬁcation andTable 1
Description and values of the used parameters.
Amount of MARCKS M0 = 3
Diffusion constant of MARCKS DM = 215 µm2 s−1 [6,25]
Attachment rate of MARCKS kþm ¼ 0 : 259s−1 [4]
Detachment rate of MARCKS k‐m ¼ 0 : 003s−1 [48]
Microscopic dissociation constant of PKC K2 = 1.7
Organization velocity of the membrane kθ = 0.0007s−1 [2]
Spatial grid size xgrid ¼ 10Ëcmthe conversion into internal units of the model results in vmax =
5.33 s−1. The concentration of MARCKS at the membrane, which
leads to a half maximum enzymatic activity of PKC, was found out
with S0 = 20 nm [21]. This corresponds to S0 = 0.8 in the internal
units of themodel. However, this parameter wasmeasured in the pres-
ence of lipid vesicles. Contrary to this reference, the concentration of
MARCKS in the modeled experiments is clearly enhanced due to its en-
richment in the disordered phase. Thus, the actual value results from
the adjustment as S0 = 0.015. The concentration of MARCKS M0 and
PKC P0 in the subphase is chosen in the range of the conditions of the
underlying experiment [2]. The determined parameters are depicted
in Table 1.
3. Experimental background
3.1. Materials
1,2-Dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC, 85035
5P) was obtained from Avanti Polar Lipids (Alabaster, USA) and
BODIPY labeled phosphatidylinositol 4,5-bisphosphate (PIP2, C-
45F6a) from Echelon (Salt Lake City, USA). Phosphatidylinositol
4,5-bisphosphate (PIP2, P7115) was purchased from Sigma-Aldrich
(Germany). All lipids are saturated in order to ensure a stable confor-
mation during the large periods of measurement times. Furthermore,
both membrane lipids have the same chain length to avoid a mismatch
between the lipids caused by different sizes. Potential disturbances by
the Marangoni effect are prevented by the relatively large chain length
[35]. NaCl (S7653), HEPES (H3375) and EDTA (E4884) were purchased
from Sigma-Aldrich (Germany), chloroform and methanol form Merck
(Darmstadt, Germany) and Rhodamine DHPE (L-1382) from Invitrogen
(Karlsruhe, Germany).
3.2. Methods and experiments
Numerous experimental evidences concluded anenrichment of neg-
atively charged lipids in the liquid expanded phase of biomimeticmem-
branes due to their repulsive electrostatic interactions [33,12,37]. By
means of ﬂuorescence microscopy, an increase of the liquid expanded
phase during the MARCKS (151-175) attachment to a DPPC/PIP2 mem-
brane was interpreted as a MARCKS (151-175)/PIP2 complex formation
within the disordered phase [47,11,23]. The following experiments di-
rectly validate these experimental observations with ﬂuorescent la-
beled PIP2.
In the present experiments we prepared model membranes above
the main phase transition between the ordered and disordered phases.
Mixed DPPC/PIP2 monolayers were used, whereby DPPC acts as matrix
for the PIP2 molecules. In order to study the lateral organization of the
charged PIP2 in a lipid membrane, monolayer experiments were per-
formed using Langmuir trough technique. Monolayers at the air–
water interface are well-established biomimetic membranes, which
offer large observation areas and give an insight in the lateral organiza-
tion of lipidmembranes on amicrometer scale. Because of their control-
lable parameters, monolayers are well deﬁned systems and accessible
by ﬁlm balances combined with ﬂuorescence microscopy.
Investigating the phase separation into a DPPC rich condensed phase
and a PIP2 rich disordered phase, we preparedmonolayers composed ofAmount of PKC P0 = 0.02
Diffusion constant of PKC DP = 51 µm2 s−1
Attachment rate of PKC kþp ¼ 0:127s−1 [39,40]
Detachment rate of PKC k‐p ¼ 0 : 00084s−1 [39]
Amount of membrane bound MARCKS for half-maximal PKC activity S0 = 0.015 [21]
Maximal phosphorylation rate vmax = 5 : 33 s−1 [21]
Temporal grid size tgrid = 0 : 025 s
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powder was dissolved in chloroform/methanol (4:1) in a concentration
of about 0.5 g/l and the labeled and unlabeled PIP2 was dissolved in
chloroform/methanol/water (10:10:1) in a concentration of 0.1 g/l. As
ﬂuorescent labeled PIP2 the 4,5-diphosphatic derivate of the inositol
molecule was chosen from the variety of the labeled PIP2 molecules
being identical to the inositol derivate present in the unlabeled PIP2.
The counter ions are ammonium in the case of the unlabeled and
triethylammonium for the labeled one. According to the manufacturer
this does not signiﬁcantly inﬂuence the behavior of PIP2, since the disso-
ciated species are investigated.
Furthermore we performed control experiments with mixed DPPC/
unlabeled PIP2 monolayers (molecular ratio 9:1). The mixed mono-
layers in the control experiment contained 1.0 mol% Rhodamine DHPE
to visualize the lateral phase separation into a DPPC rich condensed
phase and a dye rich disordered phase.
The mixed DPPC/PIP2 solutions were spread on buffer solutions and
the solvent could evaporate for at least 10min. The subphase was com-
posed of 100mMNaCl, 10mMHEPES and 0.1mMEDTA. The chemicals
of the subphase were dissolved in ultra pure water obtained from a
Milli-Q system (ρ N 18 MΩ cm) and the buffer was adjusted to pH 7.4.
The monolayers were compressed with a ﬁlm balance from KSV instru-
ments (Minimicro LB system, Helsinki, Finland) at a subphase tempera-
ture of 22 °C and a barrier speed of approximately 2 Å2/(molecule min)
to a target pressure of π=10 mN/m, where themonolayer is in a state
of phase coexistence. The investigation of the mesoscopic morphology
of the monolayers was performed with an epiﬂuorescence microscope
from Olympus, Japan.
3.3. Fluorescence microscopy of DPPC/PIP2 monolayers
The lateral distribution of the negatively charged acidic lipid PIP2 in
biomimetic membranes is visualized by ﬂuorescence microscopy. Fig. 3
shows ﬂuorescencemicrographs of themixed DPPC/PIP2 monolayers at
a surface pressure of 10 mN/m at 22 °C. Indeed this pressure is lower
than the physiologically relevant value of 30 mN/m [8]. However, at
10 mN/m the monolayer consists of a condensed highly packed state
(dark) in coexistence with disordered loosely packed regions (bright)
— comparable to cell membranes. At this lateral pressure the lipid do-
mains are well distinguishable. The lateral organization of pure DPPC
monolayers is a well understood system and serves as starting point
of our experiments [15,27].
In prior publications, the enrichment of PIP2 in the disordered phase
of a DPPCmatrix was a conclusion of strong experimental hints. The re-
pulsive electrostatic behavior of PIP2molecules and an increased area of
disordered phase if MARCKS (151-175) peptides interact with a mixed
DPPC/PIP2 membrane, however, provide strong evidence [11,33]. DueFig. 3. Fluorescencemicrographs of the monolayers (Olympus, Japan). a) DPPC/unlabeled PIP2/
on the buffer solution described in Chapter 3.1 and at π= 10mN/m, T= 22∘C. The gamma settto the previous experiments we assume that Fig. 3a shows a lateral
phase separation into a DPPC rich condensed phase and a PIP2 enriched
disordered one.
Fig. 3b shows a ﬂuorescence micrograph with BODIPY labeled PIP2
within a DPPC matrix. The image shows a lateral phase separation into
the DPPC rich phase (dark domains) in coexistence with a PIP2 rich
one (bright areas between the dark domains). This directly demon-
strates an enrichment of labeled PIP2 outside the condensed domains.
The similarities in form and size between the domains in Fig. 3a and b
strongly suggest that the dark domains in Fig. 3b correspond to the or-
dered phase of Fig. 3a. This produces evidence that PIP2 is strongly
enriched in the disordered phase of a lipid membrane and supports
the assumptions of the model.
4. Results
4.1. A single simulated time evolution: validation and analysis
Fig. 4 shows that after an initial increase over the course of several
hours, the amount of membrane bound MARCKS reaches a saturation
level which constitutes an equilibrium between attachment and ther-
mal detachment of MARCKS molecules. The comparatively large period
of time is caused by an increase of the attachment rates over time, due to
the structural changes of the membrane by MARCKS binding. Further-
more, the long diffusion times of MARCKS in the 5 mm deep trough,
used in the experiments, have an inﬂuence, since the low detachment
rates allow for a suction effect. Such suction effects do only occur in
the large scale in vitro experiment and are not relevant for small
systems like living cells. The saturation level of membrane bound
MARCKS is dependent on the concentration ofMARCKS in the subphase,
with a maximal saturation level, where nearly all PIP2 in the membrane
is bound. Thesemaximal saturation levels equal 1 in the internal units of
the model.
Our model, particularly the absence of a time delay between the
initial decrease of the amount of membrane bound MARCKS and the
starting oscillation, describes experimental observations well. The
sharp transition from the initial decrease of membrane bound MARCKS
after the PKC injection to the following long-term behavior is well ob-
served in the experiments. First, thiswas regarded as an experimental ar-
tifact, possibly due to convection effects based on the PKC injection [2],
but it could well be a true feature of the system as these simulations in-
dicate. Furthermore, it is remarkable that the oscillation is not inﬂuenced
by the injection point of PKCmi over a large range.
Fig. 5 shows the time evolution of the three membrane associated
variables. The damped oscillations of these variables have the same pe-
riodic time of about three hours. A phase shift between these oscilla-
tions exists, while MARCKS peaks ﬁrst. The membrane state is shiftedRhodamine DHPEmixture and b) DPPC/unlabeled PIP2/BODIPY labeled PIP2 mixture, both
ing has been adjusted.
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Fig. 4.m(t) is the amount ofmembrane boundMARCKS, dependent on time. Similar to the
underlying experiments, PKCwas added to the system after some time in whichMARCKS
could attach on themembrane. This ﬁgure displays the behavior of ourmodel by different
PKC injection points. a corresponds to an injection atmi = 0.2 and b to an injection at
mi = 0.65.
2385J. Lippoldt et al. / Biochimica et Biophysica Acta 1838 (2014) 2380–2390because the reorganization of the membrane structure after binding of
MARCKS is not instantaneous. The increasing membrane state leads to
an increased binding of PKC, whose phase is again shifted to later
times. The increase of membrane bound PKC leads to the decrease of
MARCKS on themembranewhich lowers themembrane state, and ulti-
mately yields a decrease of membrane bound PKC. The decrease of
membrane bound PKC leads to an increase of the overall attachment
rate ofMARCKS, starting the next period of the oscillation. These oscilla-
tions are always damped because the amount of unphosphorylated
MARCKS is exhausted during the experiment.
In the simulations, one can determine variables, which are inaccessi-
ble in experiments, like the distribution of reactants in the subphase.
The concentration of unphosphorylated MARCKS in the subphase
M(t, z)hasaminimumnear themembrane, as there is a constant consump-
tion of unphosphorylated MARCKS in the presence of PKC at the mem-
brane. In a representative simulation, the concentration of MARCKS
close to the membrane is about an eighth of the concentration at the0 100 200 300 400 500 600 700 800
0
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Fig. 5. Time evolution of the membrane associated variables in a single simulation of the
closed system. The green curve is the amount of membrane bound MARCKS m(t), the
red is the amount of membrane bound PKC p(t), and the blue is the membrane state
θ(t). All of them are presented in the internal variables of the model. Since the amount
of bound PKC is signiﬁcantly lower then the other two values, it is presented in a different
scale (right side of the diagram).far end of the through. For PKC, one can state that the local differences
in the concentrations are small, at a maximum of about 4%. This is
caused by the slow alteration rates compared to the characteristic diffu-
sive times. The PKC concentration in the subphase has maxima and
minima corresponding to the oscillation of membrane bound PKC.
4.2. Phase diagrams
Fig. 6 illustrates the intensity of the oscillatory effect by plotting the
number of oscillatory peakswhich arise under certain initial conditions.
The total amount of MARCKSM0 and PKC P0 was varied logarithmically
around a reasonable initial value. It can be seen that the oscillations de-
velop only at a certain relation of MARCKS to PKC. If the proportion of
MARCKS is signiﬁcantly higher than at those conditions, PKC has no
major effect. In this case the phosphorylation rate is small compared
to the thermal detachment rate of MARCKS. This causes a slightly in-
creased effective detachment rate and a slow transformation of
unphosphorylated MARCKS to phosphorylated MARCKS accompanied
by a slow decrease of the saturation level of membrane boundMARCKS.
In case of low amounts of MARCKS in the system, the phosphorylation
rate is large compared to the attachment of MARCKS even for low
amounts of PKC at the membrane. This prevents an increase of the
amount of membrane bound MARCKS after its initial decrease caused
by the addition of PKC. For high amounts of PKC the damping constant
of the oscillatory effect increases, sincemoreMARCKSget phosphorylat-
ed in the same time, which eventually leads to an over-damped
oscillation.
The phase diagram in Fig. 6 is almost symmetric for the amount of
PKC P0 with long persistent oscillations. The oscillatory regime nearly
has the appearance of a tilted ellipse in the logarithmic phase space,
since lower amounts of PKC are needed for an oscillation if lower
amounts of MARCKS are present. However, this shape does not evolve
because the oscillatory region is cut off at a certain amount of MARCKS.
The cut off is causedby an effect, which becomes apparent by examining
the time evolution ofmembrane boundMARCKSm(t) and PKC p(t) near
the cut off (see Fig. 7). For highMARCKS concentrations, the system en-
ters a slow changing state prior to the initial decrease of boundMARCKS
due to PKC injection. In this state, a high amount of MARCKS is bound to
the membrane and reduces the binding of PKC by shielding a high
amount of PIP2. Thus, only a low amount of PKC can bind to the mem-
brane and reduces the amount of bound MARCKS only very slowly
until enough MARCKS is detached to allow for a signiﬁcant increase of
membrane bound PKC.
Fig. 8a shows the periodic time of the oscillations with more than 1
peak. It is clearly visible that the main factor for the periodic time of
the oscillation is the amount of PKC P0. The periodic time decreases for
increasing amounts of PKC. The amount of MARCKS M0 has a minorP0
M
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Fig. 6. Phase diagram of the closed system. P0 is the total amount of PKC in the internal
units of the model, while M0 is the total amount of MARCKS in the same units. The axes
are logarithmic. The color code represents the number of oscillatory peaks and is therefore
a measure for the intensity of the oscillatory effect.
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Fig. 7. Simulation of the system directly at the cut off in Fig. 6. The green curve is the
amount of membrane bound MARCKS, dependent on time, m(t) and the blue curve is
the amount ofmembrane bound PKC, dependent on time, p(t), which is presented at a dif-
ferent scale.
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The shift to higher periodic times at the lower boundary of the oscillato-
ry area is most likely artiﬁcial. It is caused by the increase of the periodic
time near the end of an oscillation, when the amplitudes are very low
and the system variables change slowly. In Fig. 8b the dependence of
the damping constant of the oscillation on the initial conditions is pre-
sented. The damping constant increases with an increasing concentra-
tion of PKC, which are intuitively clear since more unphosphorylated
MARCKS are consumed in the presence of a higher PKC concentration.
Further implications of this diagram should be treated with care, as
the determination of the damping constant contains some errors,
which is hard to avoid since an exact determination of this value
needs more parameters than available for the most part of the phase.
4.3. Variation of parameters
Some parameters, used for the model, could not be determined
without uncertainties. Therefore, their impact on the oscillatory behav-
ior is studied in more detail (see Fig. 9). Here, all parameters are hold
constant at the values given in Table 1, and the parameter of interest
is varied around its normal value. The x-axis, which gives the value of
the respective parameter, is logarithmically scaled. The examined pa-
rameters are the velocity of the reorganization of the membrane kθ
(ﬁrst line in Fig. 9), the membrane state for which the PKC binding is
half of its maximum K2 (second line), and the amount of membrane
bound MARCKS for which the phosphorylation activity of membrane
bound PKC is half of its maximum S0 (third line).
For variation of kθ, the number of peaks stays constant over an order
of magnitude. An increase of kθ in this range yields a higher frequencyM
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Fig. 8. Periodic time a) and damping constant b) of the oscillation dependinand a higher damping coefﬁcient of the oscillation. Thereby, the periodic
time is nearly halved, and the damping coefﬁcient increases by a factor
of about 0.3 in the range of this parameter variation. Thus, the velocity of
the reorganization of the membrane has a direct inﬂuence on the oscil-
latory behavior, but does not signiﬁcantly alter its occurrence over a
broad range.
The parameter K2 speciﬁes atwhich the value of themembrane state
θ the attachment rate of PKC is half of its maximum. It modulates the
amount of PKC required for an oscillatory effect, as less amount of PKC
will bind to themembrane for a higher value of K2. Furthermore, itmod-
ulates the alteration rate of the PKC attachment rate with respect to θ.
Hence, a change of the parameter K2 modiﬁes the behavior of the sys-
tem, even when it is balancedwith a change of the total PKC concentra-
tion P0. The intensity of the oscillation is highly dependent on the exact
value of K2. An increase of the parameter K2 yields to higher periodic
times and to lower damping constants. This corresponds to the observa-
tions in the phase diagrams that a decrease of PKC concentration yields
to higher periodic times and lower damping constants of the oscillation.
For values below S0 = 0.01 the exact value of S0 is not important, as
each graph is nearly constant in this status. This low dependency can be
explained by the protein concentration during the oscillation being in a
range, in which the enzymatic activity of PKC is saturated. When the
value of S0 exceeds a certain level, it causes the enzymatic activity of
PKC to shrink under saturation level near the minima of the oscillation,
which negatively affects the intensity of the oscillation. In this region,
the periodic time decreases slightly with the increase of S0, while the
damping constant increases signiﬁcantly. The behavior of these two ob-
servables for large values of S0 should be interpreted carefully, since ad-
ditional effects gain importance, if only two peaks are analyzed.4.4. Considering the open system
So far a closed system is considered, where the reactants are
exhausted during the regarded process. However, living cells are open
systems, inwhichphosphorylatedMARCKS becomes unphosphorylated
by phosphatases and is able to rebind at the cellmembrane. Thus it is in-
teresting to study the already described MARCKS–PKC-membrane in-
teraction as an open system. As a simplifying approximation, the
concentration of the reactants in the subphase can be assumed as con-
stant [2]. This could be called an ideal open system and is an oversimpli-
ﬁcation of real cellular processes. This approximation neglects the
diffusion and is therefore suited to estimate the effects of diffusion on
the above treated reaction–diffusion equations.
Since the concentration of the reactants is constant over time, only
the interaction between the membrane and the small layer of subphase
(0 ≤ z ≤ l) near the membrane is considered. This sheet has a steady
amount of MARCKS and PKC, which corresponds to the total amount
of MARCKS M0 and PKC P0 in the subphase. Due to the steady supplyb)
2
3
5
1
4
6
P0
0.005 0.01 0.04
M
0
0.7
1
3
x10-3
g on the amount of MARCKS M0 and PKC P0. The axes are logarithmic.
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Fig. 9. Change of the oscillation observables by variation of row 1: kθ, row 2: K2 and row 3: S0. The left column illustrates the number of peaksN, themiddle column the periodic time T and
the right column the damping constant δ, depending on the change of the variables.
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damped oscillation.
Phase diagrams for the open system were generated analogously to
the phase diagrams for the closed system. Fig. 10 shows the periodic
time depending on the total amount of MARCKS M0 and PKC P0 in the
subphase. It becomes clear, that oscillations arise only at certain condi-
tions. The behavior of the system outside of the oscillatory domain is, in
general, similar to the closed system. It is noticeable that periodic time
decreases toward the inside of the oscillatory region. For the closed sys-
tem, with its damped oscillation, the number of peaks was used as a
measure for the intensity of the oscillation. This approach is question-
able for the open system, where undamped oscillations are possible.
Here, the number of oscillations in a given time is largely dependent
on the periodic time.
The damping constant for different total amounts of MARCKS M0
and PKC P0 in the subphase is illustrated in Fig. 11. For low amounts ofFig. 10. Phase diagram of the periodic times of the MARCKS–PKC oscillation in an open
system. The axes are logarithmic.MARCKS the oscillation is damped. As a general trend, it can be seen
that lower amounts of MARCKS and higher amounts of PKC enhance
the damping. However, there is an area in the phase space, where an in-
crease in the PKC concentration reduces the damping constant. Above a
certain level of MARCKS, which is dependent on the amount of PKC,
there is no measurable damping constant. The system performs an un-
damped oscillation in this region. In comparison with the phase dia-
grams of the closed system, the cut off line is missing in the open
system.
4.5. Stability analysis
The ﬁrst aim of a stability analysis is the identiﬁcation of critical
points (or equilibrium points) in the system. The closed system with
MARCKS and PKC (Eq. (1)) has only one true equilibrium point. The
membrane state θ is truly larger than zero. Therefore, at an equilibriumFig. 11.Damping constant of theMARCKS–PKC oscillation in an open system. The axes are
logarithmic.
2388 J. Lippoldt et al. / Biochimica et Biophysica Acta 1838 (2014) 2380–2390state, MARCKS and PKC are attached to the membrane. If both types of
molecule are attached to the membrane, PKC will phosphorylate
MARCKS molecules, producing phosphorylated MARCKS and thereby
changing the state of the system. This suppresses any state of a closed
system with unphosphorylated MARCKS and PKC for being a critical
point. Thus, if PKC is added to a system with MARCKS and membrane
containing acidic lipids like PIP2; only the asymptotic state, in which
all MARCKS molecules are phosphorylated, can be an equilibrium
point. At this critical point, the phosphorylated MARCKS molecules are
equally distributed in the subphase, the PKCmolecules in an attachment
detachment equilibrium between membrane bound PKC, and equally
distributed PKC in the subphase. This state is attractive as theproportion
of unphosphorylatedMARCKSdecreases strictlymonotonous over time.
Furthermore, the diffusion has the tendency to smooth out inhomoge-
neities which leads to equally distributed PKC and phosphorylated
MARCKS in the subphase. Obviously, the amount of membrane bound
PKC p(t) is, without other inﬂuences, attracted to a chemical equilibri-
um of attachment and detachment.
Consequently, the closed system has only one true critical point—
the equilibrium state with no unphosphorylated MARCKS left in the
system. However, it is noticeable by analyzing the simulations that
the system seems to be attracted to a state, where it is constant be-
side the effects of phosphorylation. In order to analyze this behavior,
the open system is studied, because in an open system the supply of
unphosphorylated MARCKS allows for other critical points. The evo-
lution of the membrane associated variables for an open system is
described by the following equations.
m˙ tð Þ ¼ θ kþmM0−k−mm tð Þ−
vmaxp tð Þm tð Þnp
S
np
0 þm tð Þnp
p˙ tð Þ ¼ k
þ
p θ
4
K42 þ θ4
P0−k
−
p p tð Þ
θ ¼ 1−m tð Þð Þ 1−p tð Þð Þθst tð Þ
θst tð Þ ¼ kθ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Adis mðtð Þð Þ
p
−θst
 
:
ð8Þ
This system was treated for different conditions, on a vertical cut
through the phase diagram (see Fig. 11). For M0 = 0.5 and P0 = 0.5,
the systemhas one equilibrium point at the following phase space coor-
dinates:
mc ¼ 0:024
pc ¼ 4:7  10−5
θc ¼ 0:13:
ð9Þ
A linear stability analysis yields the highest Lyapunov exponent l1,
which is given below:
l1 ¼−2:3  10−4 ð10Þ
where the Lyapunov exponent was approximated with an evolution
time frame of τ = 1010 s. The largest Lyapunov exponent is smaller
than zero, which states that the critical point is stable under these
conditions. Thus, trajectories close to the equilibrium point are
attracted to it. This leads to a damping effect in the long term behav-
ior of the system. The damping constant of a normal mode can be cal-
culated with the equation κi =− ln(|λi|) [46] and yields κ1 = 0.014.
It is considerably smaller than the damping constant in the simula-
tion with κ = 0.027. This mismatch is mainly caused by inﬂuences
from the other normal modes, which have a signiﬁcantly larger damping
constant of κ2/3 = 0.30.
For a higher MARCKS concentration of M0 = 1.5 and the same
amount of PKC P0 = 0.5, the system has one critical point as well. Its
phase space coordinates and the results of the stability analysis are
given below, whereby the Lyapunov exponentwas again approximatedwith an evolution time frame of τ= 1010 s.
mc ¼ 0:056
pc ¼ 1:9  10−4
θc ¼ 0:19
l1 ¼ 1:3  10−3:
ð11Þ
The fact that the largest eigenvalue of the propagator λ1 is larger
than one, and the highest Lyapunov exponent is larger than zero, indi-
cates an instability of the critical point. This means that near the critical
point perturbations get ampliﬁed in the direction of v1. In principle, this
could lead to chaotic behavior, where the effect of perturbations builds
up endlessly. However, the signiﬁcance of the above statements are re-
stricted to a small range around the equilibrium point within the linear
approximation is valid. Outside of the range of validity, the saturation of
themembrane limits the build-up of the chaotic behavior. This unstable
critical point corresponds to the undamped oscillations in the open
system.
For a signiﬁcant higher amount of MARCKS M0 = 5 and the same
amount of PKC P0 = 0.5, the system has three critical points. Their
phase space coordinates and their highest Lyapunov exponent, which
is estimatedwith an evolution time frameof τ=1010 s, are given below.
mc1 ¼ 0:17
pc1 ¼ 0:0010
θc1 ¼ 0:29
lc1 ¼ 0:0014
mc2 ¼ 0:60
pc2 ¼ 6:7  10−4
θc2 ¼ 0:26
lc2 ¼ 8:3  10−4
mc3 ¼ 0:83
pc3 ¼ 4:4  10−5
θc3 ¼ 0:13
lc3−6:2  10−4
: ð12Þ
The ﬁrst two critical points are unstable, while the third point with
the highest amount of membrane bound MARCKS is stable. It corre-
sponds to a saturation of the membrane with MARCKS, whereby the
low amount of membrane bound PKC slightly modiﬁes the detachment
rate of MARCKS. In the simulation, the system reaches the stable third
equilibrium point after about 100 min, and stays there without a tran-
sient oscillation. The ﬁrst critical point corresponds to the critical point
of the second stability analysis (see Eq. (11) and the following). The sec-
ond critical point might be corresponding to the intermediate state in
the closed system, which is discussed in Section 4.2. However, it is
also possible that the intermediate state of the closed system corre-
spond to a stable state in the open system. Thereby the steady consump-
tion of unphosphorylatedMARCKS in the closed systemwould decrease
the value of M0 until the ‘critical point’ vanishes.
By further increasing the amount of MARCKS in the subphase, a
change in the behavior of the stability analysis is noticeable. By a value
ofM0 = 8, only the stable critical point of the above discussed coordi-
nates is preserved. The critical point and its Lyapunov exponent are
given below, whereby an employed time of τ = 1010 s was used for
the estimation of the Lyapunov exponent.
mc ¼ 0:90
pc ¼ 6:8  10−6
θc ¼ 0:083
lc ¼−7:9  10−4:
ð13Þ
A simulation of the systemwith these parameters reaches the stable
equilibrium point after about 100 min, and remains constant without a
transient oscillation, similar to the case above. By a further increase of
the amount of MARCKS, the principle behavior of the system according
to the stability analysis does not change. In all the above examples, the
amount of PKC in the subphase was constant. It is noticeable that in all
these examples a higher amount of PKC on the membrane at a critical
point corresponds to a higher Lyapunov exponent and thus a more un-
stable critical point. In summary, the system is robust toward small var-
iations in the amount of proteins involved; however, extensive changes
can alter its behavior.
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In the present work, a model was developed, allowing to determine
the experimental conditions, at which the attachment/detachment
cycle of MARCKS and PKC on a lipid membrane is detectable in form
of an oscillatory behavior of the lateral pressure. This cycle – the ME-
switch – is an important part of signal transduction processes. In order
to regulate different signal transduction pathways, theME-switch is re-
sponsible for the local availability of PIP2 [29,5,47]. In this respect, the
motivation of ourworkwas to achieve a better understanding of this bi-
ological mechanism. The realization of such complex biological process-
es in vivo is very difﬁcult, thus we have to ﬁnd simpliﬁcations in the
experiments as well as in the theoretical modeling. Hereby it is beneﬁ-
cial if mathematical models are based on experimentally well-studied
systems. In this way, parameters and rate constants can be taken from
experimental results to allow for predictions of the investigated system.
An emphasis of thisworkwas to determine the attachment/detachment
rates and the phosphorylation of MARCKS by PKC, aswell as the param-
eters of these reactions as realistic as possible. The changing membrane
structure and its inﬂuence on the attachment rates were considered
thoroughly. Furthermore, the long standing assumption that PIP2 is
enriched in the disordered phase of a lipid membrane was veriﬁed
with ﬂuorescence microscopy. These efforts substantiate the proposed
mechanism for the occurring oscillations. Based on the good emulation
of the experimental behavior of the system, meaningful predictions
were made in the form of phase diagrams. They describe the oscillatory
behavior, such as the number of peaks, the periodic time and the
damping constant depending on the amounts of MARCKS and PKC.
These phase diagrams provide a basis for further investigations of the
behavior of the ME-switch. The phase diagrams also revealed a previ-
ously unexpected intermediate state, prior to the oscillations.
It is worth mentioning, that the described oscillation can also be ob-
served in an open system that disregards diffusion. This yields the result
that the studied oscillation is not caused by the classical formalism of pat-
tern formation of a reaction–diffusion system. It can be understood as a
global density oscillation, caused by structural changes of the membrane,
depending on the concentration of bound proteins. Furthermore, it is im-
portant, that the attachment rates (and/or the detachment rates) of the
proteins are dependent on themembrane structure, and that one reactant
acts as activator and one as inhibitor. The dependency of the inhibitor on
the membrane structure has to be larger than the dependency of the ac-
tivator. Under these conditions the reactions on the membrane are sufﬁ-
cient for a density oscillation. The diffusion terms in the reaction–
diffusion equations act only as modulating terms and are not required
for the oscillation. For this reason a newmechanism of temporal pattern
formation in biological systems is described. Contrary to a classical reac-
tion–diffusion pattern formation, this mechanism has no inherent length
and time scales and produces homogeneous, temporal density oscilla-
tions on a membrane, rather than spatial patterns on this membrane.
It is possible that a MARCKS–PKC-membrane system can perform a
classical pattern formation, caused by a reaction–diffusion system like
proposed by John et al. [26]. For the current model another driving fea-
ture emerged, because themain basis for themodelwas the observation
of a variable characterizing the complete membrane.
The simulations of the open system point out, that the existence
of the oscillations is not dependent on the system size, as they also
occur in systems with no inherent size. This means that the experi-
mental oscillations are in principle applicable on systems with a
much smaller size than the experiment, like living cells. One should
be cautious about applying these results to biological systems,
though. The basic assumption of this model is the existence of differ-
ent domains of lipids in the membrane, and their dependence on the
amount of bound proteins. Furthermore, the active lipid has to be as-
sociated with one of these domain types. Finally, a change of the pro-
portion of this ‘active domain’ by binding of the activator has to have
an inﬂuence on the activity of the inhibitor. Artiﬁcial membranes,such as bilayers and vesicles, can be prepared in a way that these
conditions are fulﬁlled and the current model is applicable. On the
other hand, with the concept of ‘patchy biological membranes’ [16]
and lipid rafts in mind it seems possible that these conditions could
also be satisﬁed for certain biological systems.
Even if all of the above requirements are fulﬁlled, a biological system
has signiﬁcantly different conditions than the experiments, which were
modeled in this work. In the experiments, the occurring phenomenons
had to be ampliﬁed to make themmeasurable despite the noise. Biologi-
cal membranes have a PIP2 concentration of 1–5%, in contrast to the 10%
in the experiments [6]. This severely increases the detachment rates. Fur-
thermore, in biologicalmembranes a phase separation between liquid or-
dered and liquid disordered domains occurs, rather thanphase separation
between aﬂuid phase and a crystalline phase. This should increase the ve-
locity of reorganization in the membrane. These variations signiﬁcantly
reduce theperiodic timeof potential oscillations. The periodic timeof pos-
sible biologicalMARCKS–PKC oscillations is in the range ofminutes rather
than hours. This rough estimate ﬁts well to the measured time frame of
the ME-switch by Thelen et al. [44].
Under physiological conditions, other cell components would inﬂu-
ence the described density oscillation ofMARCKS and PKC at lipidmem-
branes. In this regard calmodulin could play a major role for the treated
system. It is classically thought that calcium-activated calmodulin
(Ca2+/CaM) translocates MARCKS from the membrane, by binding to
its effector domain. This process is mutual exclusive with the phosphor-
ylation of MARCKS by PKC and not directly dependent on the structure
of themembrane as Ca2+/CaM does need further activation by lipids to
bind to membrane associated MARCKS molecules [3,6]. Thus, the effect
of Ca2+/CaM would only enter our model as a variation of the detach-
ment constant of MARCKS. A change in the level of calmodulin or calci-
um could regulate and vary the described temporal pattern of MARCKS
and PKC. It is even conceivable that phenomena like calcium oscillations
could induce coupled oscillations. On the other hand, it has been report-
ed that calmodulin colocalizes with MARCKS at the plasma membrane
in smooth muscle cells at the (low) calcium resting level [18]. The PKC
induced phosphorylation is in this case able to detach MARCKS and cal-
modulin from the membrane, whereby calmodulin detaches ﬁrst. This
suggests that at a low level of calcium, calmodulin has only a minor ef-
fect on the interactions between MARCKS, PKC and the plasma mem-
brane. Therefore it seems likely that calmodulin would hardly
inﬂuence the here described density oscillations, in a system with a
low calcium level.
Thepresentmodel is not inherently limited to theMARCKS–PKC sys-
tem. The reported formalism of temporal pattern formation could be an
example of a broader class of temporal pattern forming, membrane as-
sociated, activator–inhibitor systems. A potential example is gelsolin,
which is a regulator of the cortical actin network. Like MARCKS, it
binds on PIP2 and its phosphorylation by PKC (or in this case PP60c–src,
respectively) is enhanced in the presence of PIP2 [49,10].
A conformation by further studies that the results of this work are
applicable for biological membranes would signiﬁcantly improve our
understanding of the myristoyl-electrostatic switch, associated with a
generally improved understanding of signal transduction processes.
TheME-switch affects the calcium level of the cell, aswell as the amount
of available phosphatidylinositol lipids, which both have signiﬁcant in-
ﬂuence on multiple cellular processes. A potential partly dynamic be-
havior of the ME-switch could alter the view on this process. It could
be connected to already observe calcium waves [30] and calcium oscil-
lations [7], which are important in gene expression [13].Acknowledgements
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